Metal ammine complexes (MACs) were recently regarded as one of promising materials for reversible hydrogen storage due to their high hydrogen content. In this work, a first attempt is conducted to elucidate the hydrogen storage reversibility by combining Mg(NH 3 ) 6 Cl 2 with LiH. It is found that hydrogen is gradually evolved from the combined system during ball milling. After 24 h of milling, approximate 3.5 mass% of hydrogen, equivalent to 6 mol of H 2 molecules, is released from the Mg(NH 3 ) 6 Cl 2 -18LiH mixture. Additional 3.4 mass% of hydrogen is further desorbed from the combined system milled for 24 h with a two-step reaction in heating process. Totally $ 12 mol of H 2 molecules are librated from the Mg(NH 3 ) 6 Cl 2 -18LiH mixture along with the formation and consumption of Mg(NH 2 ) 2 and LiNH 2 in the ball milling and subsequent heating process. The resultant products consist of Li 2 Mg(NH) 2 , Li 2 NH, LiH and LiCl after dehydrogenation at 310 C. Further hydrogenation experiment indicates that $ 6 mol of H 2 molecules are reversibly stored in the Mg(NH 3 ) 6 Cl 2 -12LiH mixture.
Introduction
To establish safe and efficient hydrogen storage technologies is necessary for utilizing hydrogen as a fuel of the future. 1) In contrast to the compressed hydrogen and the liquefaction hydrogen, hydrogen storage in the solid state is the most promising alternative. [2] [3] [4] [5] In the past decades, the complex hydrides consisting of light elements, e.g., alanates, [6] [7] [8] [9] [10] amides, [11] [12] [13] [14] [15] borohydrides [16] [17] [18] [19] [20] and ammonia borane (AB), [21] [22] [23] have been attracting extensive attention as the potential hydrogen storage materials due to their high gravimetric and volumetric hydrogen storage densities. In particular, significant efforts have been made in recent years with metal amide-hydride combined systems since Chen et al. reported that lithium nitride, Li 3 N could absorb/desorb reversibly 11.4 mass% of hydrogen in 2002. 11) A variety of metal amide-hydride combinations have been designed and developed for their hydrogen storage performances. [11] [12] [13] [14] [15] However, most of them still suffer from the high operating temperature for practical applications.
More recently, a novel way of storing hydrogen was proposed in the form of metal ammine complexes (MACs) formulated as M(NH 3 ) n X m (M = metal cations like Mg, Ca, Cr, Ni, and Zn; X = anions like Cl or SO 4 ) by ammoniaintermediate. Christensen et al. revealed that Mg(NH 3 ) 6 Cl 2 could store 9.1 mass% of hydrogen in the form of ammonia with a three-step decomposition reaction as: 24) Mg(NH 3 ) 6 Cl 2 ! Mg(NH 3 ) 2 Cl 2 þ 4NH 3
Interestingly, Mg(NH 3 ) 6 Cl 2 can be compacted into shaped objects essentially without any void space, which offers a very high volumetric storage density similar to that of liquid ammonia ($ 109 kgH 2 /m 3 ). 24) For use as a potential hydrogen carrier, ammonia must first be decomposed into nitrogen and hydrogen. However, hydrogen is delivered only at temperature above 300
C by combining with a present-day ammonia decomposition catalyst. 25) Thus, the challenge remains in the rapid and efficient conversion of ammonia into hydrogen.
It is well known that hydrogen can be easily obtained by reacting metal amide or ammonia with metal hydrides. [11] [12] [13] [14] [15] [26] [27] [28] Yamamoto et al. found that NH 3 could react with alkali metal hydrides MH (M = Li, Na, and K) in an exothermic nature to release hydrogen (H 2 ) at room temperature. 26) Moreover, an ultrafast reaction was reported for NH 3 and LiH at above 300 C, which is in the order of microsecond. 27) However, the reaction between MgH 2 and NH 3 occurred in heating process with a much slower rate than that between LiH and NH 3 .
28) Mechanistic investigations suggested that the chemical driving force between amides and hydrides originated possibly from the strong affinity between H þ in amides and H À in hydrides, which results in lower dehydrogenation temperatures owing to the favorable energy relationship. 12) Recently, a dramatically improved dehydrogenation performance was obtained through substituting one or two H atoms in the NH 3 group of ammonia borane (AB) by alkali or alkaline-earth metals. 22, 29) Xiong et al. reported that $ 10:9 mass% hydrogen was librated from LiNH 2 BH 3 obtained by ball milling the mixture of NH 3 BH 3 and LiH at significantly lower temperatures with respect to NH 3 BH 3 itself. 22) More interestingly, the reaction between NH 3 BH 3 and LiH in THF delivers more than 14 mass% of hydrogen at a temperature as low as 40 C. 30) Significantly, combining compounds containing NH x group with metal hydrides results in interesting hydrogen storage systems with improved thermodynamics and kinetics.
The motivation of this work is to obtain the reversible hydrogen storage in the combinations of metal ammine complex and metal hydride. Since H ions in the NH 3 À in LiH by means of ball milling to investigate in detail the dehydrogenation process in the mechanochemical reaction and thermal decomposition. The Mg(NH 3 ) 6 Cl 2 -18LiH combination is developed by ball milling the corresponding chemicals. A stiochiometric amount of hydrogen is released after ball milling and thermal decomposition. Structural characteristics of the combined system are identified at different dehydrogenation stages to elaborate reaction details. The clarification of the mechanisms of hydrogen release and uptake in the Mg(NH 3 ) 6 Cl 2 -LiH combined system is very helpful for designing the novel hydrogen storage system with improved thermodynamics and kinetics.
Experimental Section

Sample preparation
The starting chemicals, anhydrous MgCl 2 (purity 99%) and LiH (purity 95%) were purchased from Alfar Aesar and Fluka, respectively, and used as-received. Mg(NH 3 ) 6 Cl 2 was synthesized by reacting anhydrous MgCl 2 under 7 bar ammonia at ambient temperature. The X-ray powder diffraction (XRD) examination confirmed the formation of Mg(NH 3 ) 6 Cl 2 . The Mg(NH 3 ) 6 Cl 2 -18LiH mixture was prepared by ball milling the corresponding chemicals on a planetary ball mill (QM-1SP2) at 550 rpm. The milling jar with a volume of around 180 ml was equipped with a gas valve to monitor the inner pressure change during ball milling. The ball-to-sample weight ratio was about 60 : 1. All sample handling was carried out in a MBRAUN glove box filled with pure argon to prevent chemicals from contacting air and moisture (H 2 O: <1 ppm, O 2 : <1 ppm). The ammonia concentration was determined by using a Thermo Orion 410P-19 pH/ion meter (USA) equipped with an NH 3 -selective electrode. After ball milling, the gaseous products were slowly introduced from the milling jar to 100 mL of distilled water. NH 3 gas will be absorbed in water upon contacting with water and its concentration in water was measured by the NH 3 -selective electrode.
Property evaluation
The temperature-dependence of hydrogen desorption was carried out on a homemade temperature-programmed desorption (TPD, with pure Ar as carrier gas) system combined with a gas chromatograph (GC). About 40 mg post-milled samples were loaded and tested. The sample was heated at a ramp of 2 C/min. Hydrogen absorption/desorption curves were measured by the volumetric method with a homemade Sieverts-type apparatus. The sample container with about 200 mg powder samples was connected to the Sieverts-type apparatus, and gradually heated from 25 to 350 C at 2 C/min for hydrogen desorption (initially in vacuum) and to 300 C at 1 C/min for hydrogen absorption (initial H 2 pressure being 10 MPa). Differential Scanning Calorimetry (DSC) measurements (Netzsch DSC 200 3F) were performed at a heating rate of 10 C/min under a high pure argon (purity >99:9999%) flow.
Structure characterization
The phase structures of the samples were characterized by using X-ray powder diffraction (XRD). The data were collected on a X'Pert PRO (PANalytical, The Netherlands) X-ray diffractometer with Cu K radiation ( ¼ 0:15418 nm) at 40 kV and 30 mA from 10 to 70 (2) with step increments of 0.02
, and analyzed by referring to PDF-2 database of the JCPDS-ICDD and published literatures. 32, 33) All the samples were protected in a homemade container under Ar atmosphere during data collection. N-H vibrations in all samples were identified by a Bruker Tensor 27 Fourier infrared spectrometer (FTIR, Germany). The powdery sample was first mixed with KBr at a weight ratio of 1 : 30 and then was cold-pressed into a pellet with a diameter of 13 mm. FTIR spectra were acquired in transmission mode at a resolution of 4 cm À1 .
Results and Discussion
Preparation and characterization of Mg(NH
Cl 2 was synthesized by reacting anhydrous MgCl 2 with 7 bar ammonia for 24 h at ambient temperature. Figure 1 shows XRD patterns and FTIR spectra of MgCl 2 before and after amination. Apparently, a new set of diffraction peaks is developed with the disappearance of the characteristic diffraction peaks of the anhydrous MgCl 2 after complete amination. The XRD pattern of the aminated product exhibits a single-phase structure having the same peak positions as reported by Long et al., 32) implying the formation of Mg(NH 3 ) 6 Cl 2 . Calculations based on XRD results led to a cubic crystal structure (Space No.: Fm3m) with a ¼ 1:021 nm, very close to the results reported by Hwang et al. (a ¼ 1:0189 nm). 33) Moreover, FTIR examination demonstrates that four absorbances are clearly observed at 3361, 3156, 3053 and 2817 cm À1 for the aminated sample, which is in the typical N-H vibration range of the ammine ions. 34) Combined with XRD analyses, these absorbances should originate from the NH 3 group in Mg(NH 3 ) 6 Cl 2 .
The phase purity of the as-prepared Mg(NH 3 ) 6 Cl 2 sample was further determined by measuring its weight loss in the thermal decomposition process. Figure 2 (a) shows the TPD curve of the as-prepared sample. With increasing temperature, ammonia is gradually evolved from Mg(NH 3 ) 6 Cl 2 , and three desorption peaks are observed over the temperature range 80-310 C with peak temperatures at 113 C, 185 C, and 300 C, respectively, indicating a three-step decomposition process, which is in good agreement with the previous report.
24 ) The quantity of ammonia released is further measured as shown in Fig. 2(b) . Clearly, ammonia release starts sluggishly at around 80 C followed by three decomposition steps. The first-step ammonia release occurs in the temperature range 80-130
C to liberate about 32.5 mass% of ammonia, which is equivalent to 4 mol of NH 3 molecules. As the temperature was further elevated to 140-240 C and 240-320 C, another two decomposition steps proceed one after the other to release 9.2 mass% of ammonia or 1 equiv. NH 3 molecule for each step. We believe therefore that the thermal decomposition process can be still described well by reaction 1. On the other hand, totally 50.9 mass% of ammonia is detached from the as-prepared Mg(NH 3 ) 6 Cl 2 sample in the temperature range 80-310 C, which corresponds to 98.5% of the theoretical weight loss (51.8 mass%). Thus, the purity of the as-prepared Mg(NH 3 ) 6 Cl 2 sample is about 98.5%. Table 1 , it can be seen that hydrogen was quickly released in the initial 12 h of milling. When the milling time was extended from 12 to 24 h, the dehydrogenation reaction was almost stopped as no obvious pressure increase was detected. The sample milled for 24 h released totally Hydrogen Storage Properties of the Mg(NH 3 ) 6 Cl 2 -LiH Combined System$ 0:442 MPa of hydrogen, which corresponds to 5.9 mol of H 2 molecules per Mg(NH 3 ) 6 Cl 2 -18LiH or 3.5 mass% of hydrogen. It should be mentioned that one of the potential problems for the nitrogen-containing systems is the coevolution of NH 3 . In the present study, the generation of NH 3 was measured by NH 3 -selective electrode. After 24 h of ball milling, the concentration of NH 3 in the gaseous product is only about 2.8 ppm, which is possibly due to the presence of excessive LiH. The rather low NH 3 concentration is in favor of practical applications in the polymer electrolyte membrane fuel cells (PEMFCs).
Milling investigation on the Mg(NH
35)
3.3 Dehydrogenation mechanisms in ball milling process For elucidating the reaction process occurring in the ball milling process, samples at different milling stages were collected from the milling jar for XRD and FTIR examinations. Figure 4(a) shows XRD patterns of the Mg(NH 3 ) 6 Cl 2 -18LiH samples milled for different periods. After 1 h of milling, the sample consists mainly of the starting chemicals, Mg(NH 3 ) 6 Cl 2 and LiH, since only a few of hydrogen ($ 0:6 mol of H 2 molecule) is liberated. With the ball milling proceeding, the LiH phase is still discernable with considerable intensities. However, the characteristic diffraction peaks of Mg(NH 3 ) 6 Cl 2 gradually weaken, and even disappear after 4 h of milling, which may be due to the chemical reaction between Mg(NH 3 ) 6 Cl 2 and LiH and/or the amorphization of Mg(NH 3 ) 6 Cl 2 caused by energetic milling. In the meantime, a new phase of LiCl can be unambiguously identified. When the milling time was extended to 4 h, LiCl and LiH are the only phases detected by XRD. With further prolonging the milling time to 24 h, the intensity of the typical diffraction peaks of the LiH phase gradually decreases, indicating the consumption of LiH. Moreover, the XRD pattern of LiCl seems almost unchanged in addition to the slight broadening of the diffraction peaks, implying that the crystalline size of LiCl is possibly decreased because of the longtime energetic milling treatment.
Changes in the composition and structure of the Mg(NH 3 ) 6 Cl 2 -18LiH mixture during ball milling were further verified by FTIR analyses as shown in Fig. 4(b) . It is seen from Fig. 4(b) that the sample milled for 1 h exhibits a very broad absorbance peaked at around 3365 cm À1 , which should originate from the N-H vibration of the ammine ions in Mg(NH 3 ) 6 Cl 2 . After 2 h of ball milling, two new absorbances are detected at 3272 and 3258 cm À1 with very weak intensities. Taking into account the existed elements in the present study, the absorbance at 3272 cm À1 can be assigned to Mg(NH 2 ) 2 , and that at 3258 cm À1 should belong to LiNH 2 . For the sample milled for 4 h, the absorbances at 3365 and 3272 cm À1 are still discernable, indicating the presence of Mg(NH 3 ) 6 Cl 2 and Mg(NH 2 ) 2 . However, the absorbance at 3258 cm À1 assignable to LiNH 2 shifts toward lower wavenumber to 3248 cm À1 along with the appearance of another peak at 3303 cm À1 . The lowering wavenumber of the N-H vibration indicates the decreased covalent nature of N-H bonds, which is possibly due to the partial substitution of Cl À for H À in LiNH 2 caused by energetic ball milling. Moreover, milling the sample to 8 h results in that Obviously, the binary Mg(NH 3 ) 6 Cl 2 -18LiH combined system releases about 6 mol of H 2 molecules to convert into the mixture of LiCl, LiH, LiNH 2 and Mg(NH 2 ) 2 during ball milling. Therefore, the chemical process occurring in the milling process can be described by the following reaction:
3. Fig. 5 . Obviously, hydrogen desorption from the Mg(NH 3 ) 6 -Cl 2 -18LiH sample milled for 24 h is a two-step reaction with peak temperatures at 170 C and 240 C, respectively. Quantitative measurement of hydrogen desorption revealed that the first-step reaction took place in the temperature range of C to evolve about 1.18 mass% of hydrogen, which corresponds to 2.0 mol of H 2 molecules. As the temperature was further elevated from 190 to 310 C, the second dehydrogenation reaction proceeded and another 2.24 mass% of hydrogen or 3.8 mol equiv. of H 2 molecules were detached. In total, approximately 3.42 mass% of hydrogen or 5.8 mol equiv. of H 2 molecules were released from the Mg(NH 3 ) 6 -Cl 2 -18LiH sample milled for 24 h at 130-310 C. Together with 5.9 mol of H 2 molecules detached during ball milling, 11.7 mol of H 2 molecules were evolved from the starting mixture of Mg(NH 3 ) 6 Cl 2 -18LiH, which is about 6.86 mass% of hydrogen. Significantly, hydrogen is directly obtained from the metal ammine complex (Mg(NH 3 ) 6 Cl 2 ) through combining with the binary alkali metal hydride (LiH).
3.5 Dehydrogenation mechanisms in thermal decomposition process In order to get the clear insight on the dehydrogenation reaction of the Mg(NH 3 ) 6 Cl 2 -18LiH sample milled for 24 h at elevated temperatures, XRD patterns and FTIR spectra of the samples dehydrogenated at 180 C and 310 C were examined as shown in Fig. 6 . It can be seen that LiCl and LiH are still observed in the sample dehydrogenated at 180 C by means of XRD. Moreover, the diffraction peaks of LiNH 2 and Li 2 Mg(NH) 2 are also visible. After dehydrogenated at 310 C, the LiCl phase seems unchanged and the newly developed Li 2 Mg(NH) 2 phase persists. Moreover, no deviation was found for the peak position of Li 2 Mg(NH) 2 with respect to the dehydrogenated sample at 180 C, implying that no further reaction occurs for Li 2 Mg(NH) 2 as the temperature was elevated from 180 to 310 C although Nakamura et al. reported previously that it possibly reacted with LiH to release more hydrogen at above 200 C. 36) The peak intensity of the LiH phase is obviously weakened with the disappearance of the LiNH 2 phase, indicating the consumption of LiNH 2 and LiH. Correspondingly, Li 2 NH can be identified from the peaks at 30.1 , 35.0 , 50.3 and 59.9 (2). FTIR examination shows that in addition to the N-H vibration of amide ions at 3242/3297 cm À1 assignable to LiNH 2 as described above, a new absorbance at 3174 cm À1 is detected with strong intensity for the sample dehydrogenated at 180 C. As the sample was heated up to 310 C, only a broad absorbance is discernable at 3167 cm À1 , which locates at the typical N-H vibration range of imide. Careful observation reveals that this broad absorbance is composed of two peaks at 3162 and 3173 cm À1 . It is well known that the typical N-H vibrations of Li 2 NH and Li 2 Mg(NH) 2 are at 3163 and 3174 cm À1 , respectively. 15, 37) As a result, it can be believed that two phases of Li 2 NH and Li 2 Mg(NH) 2 are involved in the solid residues after dehydrogenated at 310 C. According to dehydrogenation measurements and structural analyses, we can give a picture of the chemical process in heating process of the Mg(NH 3 ) 6 Cl 2 -18LiH combined system. As described above, the starting sample of Mg(NH 3 ) 6 Cl 2 -18LiH converts to the mixture of Mg(NH 2 ) 2 -4LiNH 2 -2LiCl-12LiH after 24 h of milling. As the post-milled sample was heated from room temperature to 180 C, Mg(NH 2 ) 2 first reacts with LiH to release H 2 and produce Li 2 Mg(NH) 2 . 
Hydrogen Storage Properties of the Mg(NH
In this case, 1 mol of Mg(NH 2 ) 2 can react with 2 mol of LiH to liberate 2 mol of H 2 , which consists well with the experimental result as shown in Fig. 5 . With further increasing the temperature to 310 C, the reaction between LiNH 2 and LiH may take place to yield Li 2 NH and H 2 as described by the following reaction:
Since there are 4 mol of LiNH 2 in the sample milled for 24 h, theoretically 4 mol of H 2 can be desorbed from reaction 4. In the present study, $ 2:24 mass% of hydrogen is released in the temperature range of 180-310 C, which is equivalent to 3.7 mol of H 2 molecule. It is close to the theoretical dehydrogenation amount of 4 mol of H 2 . On the other hand, it should be mentioned that no further reaction between Li 2 Mg(NH) 2 and LiH was observed at 180-310 C as the XRD pattern of Li 2 Mg(NH) 2 remains unchanged (Fig. 6) .
Therefore, the dehydrogenation process of the post-24 h milled sample can be expressed as follows:
Thus, the overall reaction between Mg(NH 3 ) 6 Cl 2 and LiH with a molar ratio of 1 : 18 is:
Totally, the hydrogen release from the above reaction amounts to 12 mol of H 2 molecules, which corresponds to about 7.0 mass% of hydrogen.
3.6 Reversibility of hydrogen storage in Mg(NH 3 ) 6 Cl 2 -LiH combined system In general, a thermodynamically reversible hydrogen storage process should possess an endothermic nature for hydrogen desorption. 38) Figure 7 shows the DSC curve of the sample milled for 24 h. It can be seen that hydrogen desorption from the Mg(NH 3 ) 6 Cl 2 -18LiH sample milled for 24 h exhibits an endothermic nature, implying the dehydrogenation reaction is thermodynamically reversible. Two endothermic peaks was observed at 174 C and 235 C, respectively, in the DSC curve, which consists well with the results of the TPD curve, further confirming that the hydrogen desorption from the Mg(NH 3 ) 6 Cl 2 -18LiH sample milled for 24 h is a two-step reaction.
To ascertain the hydrogen storage reversibility and simultaneously obtain higher hydrogen storage capacity, the mixture of Mg(NH 3 ) 6 Cl 2 -LiH with a molar ratio of 1 : 12 was re-designed since 6 mol of LiH are excessive and not involved in the dehydrogenation reaction of the Mg(NH 3 ) 6 -Cl 2 -18LiH sample in the temperature range 25-310 C as Figure 8 also shows the hydrogenation curve of the sample dehydrogenated at 310 C. It is seen that hydrogen absorption starts at about 65 C, and the amount of hydrogen absorbed gradually increased with elevating the temperature. As the sample was heated to 300 C, the hydrogen charged amounts to 4.0 mass%, which is equivalent to 5.9 mol of H 2 molecules. The hydrogen uptake exhibits in part reversibility. In general, the released hydrogen during ball milling is rather difficult to be recharged. 39, 40) On the other hand, it is well known that reactions 3 and 4 are completely reversible at 300 C under 10 MPa of hydrogen. [11] [12] [13] As a result, we believe that in the present study, the reversible hydrogen storage in the postmilled Mg(NH 3 ) 6 Cl 2 -12LiH combined system should be attributed to the chemical reactions between Mg(NH 2 ) 2 , LiNH 2 and LiH as described by reactions 3 and 4.
Conclusions
Mg(NH 3 ) 6 Cl 2 was synthesized by reacting anhydrous MgCl 2 with ammonia, and the Mg(NH 3 ) 6 Cl 2 -18LiH combination was prepared by ball milling the corresponding chemicals. Hydrogen storage properties of the Mg(NH 3 ) 6 -Cl 2 -18LiH combination were systematically investigated. It was found that the starting sample of Mg(NH 3 ) 6 Cl 2 -18LiH mixture liberated $ 5:9 mol of H 2 molecules to convert to the mixture of Mg(NH 2 ) 2 -4LiNH 2 -2LiCl-12LiH after ball milling for 24 h. In the subsequent heating process, Mg(NH 2 ) 2 and LiNH 2 reacted successively with LiH to release additional 2 and 4 mol of H 2 molecules, respectively. The overall dehydrogenation reaction occurring in ball milling and heating process can be expressed as follows:
Further hydrogenation examination showed that $ 6 mol of H 2 molecules could be recharged into the dehydrogenated Mg(NH 3 ) 6 Cl 2 -12LiH mixture at 300 C under 10 MPa of hydrogen, exhibiting good reversibility for hydrogen storage. Hydrogen Storage Properties of the Mg(NH 3 ) 6 Cl 2 -LiH Combined System 633
